Abstract The first successfully recorded event-related potential (ERP) for taste, one of our basic senses, was published nearly half a century ago. Despite this large time span, surprisingly little is known about the early neural processing of taste perception. Here, we are providing a comprehensive and critical overview of over four decades of research, with a focus on the temporal dimension of cerebral taste processing in healthy humans. For this purpose, we review studies using techniques that permit a high temporal resolution, namely, electroencephalography and magnetoencephalography, ERP, and event-related magnetic fields (ERF). Our current knowledge of taste ERP is interpreted in the context of our understanding of other, nonchemical senses. Gaps in the existing literature are identified and discussed. Finally, we suggest directions for future investigations using gustatory ERP/ERF.
oral stimuli activate several subdivisions of the insula, orbitofrontal cortex (OFC), and anterior cingulate cortex (Kinomura et al. 1994; Zald et al. 1998; Frey and Petrides 1999; de Araujo et al. 2003; Schoenfeld et al. 2004 ). According to a recent meta-analysis of all available gustatory functional imaging papers (Veldhuizen et al. 2011 ), a significant and widespread probability of activations were observed in the bilateral insula and overlying opercula, left lateral and right medial OFC, and the pregenual cingulate cortex, indicating that these regions are reliably and consistently activated in response to gustatory stimulation. The human insula has been associated with the sensory processing of taste, such as the intensity (Grabenhorst et al. 2008) and quality (Schoenfeld et al. 2004 ) of a taste. It is hence commonly referred to as the primary taste area. The OFC has been linked to the processing of hedonic aspects of taste processing McCabe and Rolls 2007) and is often referred to as the secondary taste area. However, cortical activation patterns change rapidly, within the millisecond time range. Thus, the slow and aggregated hemodynamic measures acquired using fMRI and PET have clear and inherent problems with providing insights into the dynamics of the early cerebral processing of gustatory stimuli. In order to study how the brain processes taste within the first second after stimulation in healthy humans, one must use either one of two techniques that provide excellent temporal resolution: electroencephalogram (EEG) or magnetoencephalogram (MEG).
This review focuses on the temporal dimension of gustatory processing. For this, we provide a critical overview of over 40 years of research on gustatory perception conducted with EEG/MEG (for an overview, see Table 1 ). We will discuss the particular demands on stimulus delivery that result from gustatory EEG/MEG, and we present a brief overview of the various techniques used to date. We discuss our current knowledge of gustatory event-related brain responses in the context of our understanding of other, nonchemical senses. Moreover, we highlight inconsistencies and gaps in the existing literature.
EEG, MEG, and Event-Related Responses
EEG is the measurement of minute electrical signals that originate from cortical postsynaptic potentials. EEG can be recorded noninvasively from the scalp at a relatively low cost using electrodes attached to the skin or mounted in an elastic electrode cap placed over the head. Scalp-recorded EEG reflects the summed potentials of millions of synchronously activated neurons (Nunez and Srinivasan 2006) . This contrasts with invasive single-unit and multiunit recordings in patient populations, which measure action potentials.
During the first decades after its discovery, analysis of the EEG signal was mostly restricted to qualitative description of the ongoing raw signal (Berger 1929; Adrian and Matthews 1934) . Its use for investigating sensory or cognitive processes was limited due to the small amplitude of the evoked or event-related response relative to spontaneous EEG fluctuations and ambient noise. This situation changed, however, when methods were devised for averaging the signals of several trials, using photographic methods and analog or digital computers (for a historical account, see Collura 1995) . This averaged signal that is time-locked to the onset of a stimulus is called an event-related potential (ERP)-a waveform with a characteristic sequence of positive and negative peaks. Conventional ERP analyses quantify the waveform's amplitude, latency, or (if recorded from a sufficient number of electrodes) distribution across the scalp and compare these parameters between experimental conditions (for an excellent introduction, see Luck 2005) . Figure 1 illustrates exemplary ERP, topographic maps, and singletrial activity elicited by visual objects.
MEG is, in its function and methods, very similar to EEG. MEG is, as EEG, a direct measure of neuronal activity in the cortex. However, in contrast to EEG, which measures electrical activity generated by extracellular currents, MEG measures the corresponding magnetic fields (Cohen 1968) . Moreover, while MEG is most sensitive to electrical dipoles with tangential orientation, EEG is equally sensitive to tangential and radial dipoles.
Cognitive neuroscience techniques are often evaluated according to their spatial and temporal resolution. For EEG and MEG, the term "spatial resolution" refers to the precision of techniques that estimate the location of the electrical sources within the brain from the electrical or magnetic signals measured on the scalp. The spatial resolution of MEG and EEG depends strongly on the number and distribution of electrodes or sensors. Furthermore, the spatial resolution of EEG is relatively poor due to the high resistance of the skull and scalp tissue, which causes the electrical field to spread out. Magnetic fields are less prone to distortion by the skull and scalp, thus resulting in a better spatial resolution for the MEG signal relative to the EEG signal Compared to hemodynamic neuroimaging methods (i.e., PET or fMRI), both EEG and MEG have superior temporal resolution due to the fast fluctuations of the underlying postsynaptic potentials and the fast sampling rate of modern amplifiers (1,000 Hz or faster). In fact, EEG and MEG can be considered real-time measures of brain electrical activity. This represents an important advantage for studies investigating sensation, perception, or cognition since studying when these processes occur is an important tool in assessing the mechanisms of perceptual and cognitive processing. Examples include studies on the speed of visual object Hummel et al. (2010) 17 ( recognition (Thorpe et al. 1996) , the timing of syntactic and semantic processing in language comprehension (Friederici et al. 1993; Hagoort 2008) , and the temporal dissociation of different subprocesses involved in recognition memory (Rugg and Curran 2007) or visual change detection (Busch et al. 2010) . Although temporal resolution is an important advantage of EEG and MEG, it should be noted that the highfrequency fluctuations of electrophysiological signals also pose a limit for what types of perceptual and cognitive processes may be investigated with this method. The small evoked event-related responses in single trials will sum up neatly across trials only if these responses are precisely time-locked and phase-locked to the onset of the experimental event under investigation. This is often not a significant problem for auditory, visual, or somatosensory evoked responses or for well-defined cognitive processes immediately following stimulus onset. However, when the process under investigation occurs at variable times on different trials, this trial-to-trial jitter can severely blur EEG and MEG responses in the averaged ERP and event-related magnetic fields (ERF). Such a jitter may occur, for example, in a gustatory discrimination task or when the effective stimulus onset cannot be determined with millisecond precision, e.g., for the onset of a gustatory stimulus. In such cases, hemodynamic imaging methods indeed have a better chance to capture these neural processes due to their relative forgiveness of an imprecise stimulus onset and the method of summating responses over a time period of a few seconds.
Gustatory Event-Related Responses
Although the first successful gustatory ERP (gERP) recording was reported almost half a century ago, few gERP publications have emerged since (Funakoshi and Kawamura 1968; Plattig 1969; Funakoshi and Kawamura 1971) . It is only very recently that gERP has started to gain appeal as a research and clinical tool used to study gustatory function in health (Singh et al. 2011 ) and disease (Hummel et al. 2010) . This is surprising, given how well-established the general ERP technique is for objective and noninvasive assessments of sensory and cognitive functions. In the gustatory domain, only a marginal number of ERP studies have been conducted and the morphometry of gERP has yet to be fully characterized. Moreover, the cortical generators of gERP components remain entirely unknown. To illustrate the discrepancy between our current understanding of the gERP with that of our other, nonchemosensory modalities, a search in September 2011 of the research publications database PubMed (http://www.ncbi.nlm.nih.gov/pubmed/) rendered a total of 40 unique hits using the keywords "gustatory," "EEG," and "humans." In comparison, replacing "gustatory" with "visual" rendered 10,337 hits, for "auditory" 7,088 hits, and for "somatosensory" a total of 3,135 hits. Although one should not equate quantity with quality, there is an obvious imbalance in what we know about the sensory ERP between the various senses.
State of the Current Research
The ERP is commonly described in terms of a series of peaks, also called deflections or components, which can be linked to various perceptual or cognitive processes. Traditionally, peaks are labeled according to their polarity, i.e., P for positive-going and N for negative-going peaks, and their position in the sequence, e.g., P1 for the first observed positive peak, or their latency, e.g., P130 for a positive peak at 130 ms. The earliest ERP peaks are referred to as sensory or exogenous deflections because they are influenced mostly by physical properties of the stimulus; their time course and topographic distribution are specific to the sensory system. Later peaks, on the other hand, denoted as cognitive or endogenous components, can be elicited independent of the sensory system and exhibit a common topography, e.g., the P3, which exhibits its maximum over the vertex and which reflects stimulus evaluation and categorization, rather than sensory stimulus processing (Polich 2007) . Early sensory ERP deflections to taste have been rarely described, probably because they are transient deflections with steep flanks, thus making them vulnerable to minuscule jitters in stimulus timing. For the first positive gustatory deflection, the P1, peak latencies around 130-150 ms for salt (Mizoguchi et al. 2002; Wada 2005) , glucose (Wada 2005) , and electric taste (Ohla et al. 2009 (Ohla et al. , 2010 have been consistently reported. In the latter study, the P1 deflection was most obvious over frontal electrodes and its neuronal origin was estimated to be in the left insula and adjacent middle temporal gyrus, the ventromedial OFC, and the anterior cingulate cortex (Ohla et al. 2010) . These findings for P1 ERP latencies and localization are in agreement with observations from MEG studies showing that the bilateral insula responds to various tastes starting as early as 80-130 ms for salty and sour tastes (Kobayakawa et al. 1996a; Mizoguchi et al. 2002; Onoda et al. 2005; Yamamoto et al. 2006 ). The first negative gustatory deflection, the N1, has seldom been reported in the literature. To date, the most solid evidence for a clear N1 deflection has only been observed for electric taste at 200 ms, with a minimum over the vertex and neuronal generators in the bilateral insula and OFC (Ohla et al. 2009 (Ohla et al. , 2010 , and for salt at 265 ms at the vertex (Mizoguchi et al. 2002) . Other reports of early (<250 ms) ERP deflections during tasting do indeed exist Kawamura 1968, 1971; Min and Sakamoto 1998; Franken et al. 2011 ). Their interpretation is, however, hampered due to concomitant gustatory and tactile stimulation.
Disregarding the latency of the deflections, an initial positive peak (P1) has been reported at latencies later than 500 ms poststimulus onset (Funakoshi and Kawamura 1971; Kobal 1985; Plattig et al. 1988; Hummel et al. 2010; Singh et al. 2011) . Whether these late positive peaks reflect similar processes to the early positivity or whether these peaks are due to variation in stimulus onset between studies remains to be determined. It is conceivable that the early peaks were dismissed in these investigations because of miniscule trialto-trial jitters of the taste stimulation or an insufficient signal-to-noise ratio (SNR). Alternatively, an undetermined delay in the taste delivery itself can account for a delayed positive peak. Additional evidence, for example, the voltage distribution of the deflections over the scalp or its cortical generators, will be needed to answer this question and to dissociate these delayed initial positivities from the P3 component, a marker of higher, cognitive stimulus processing.
Intensity-dependent shifts of the waveform toward shorter latencies and higher amplitudes have been previously found for early sensory ERP deflections, such as stimulus intensity in audition (Rapin et al. 1966 ) and stimulus contrast in vision (Spekreijse et al. 1973) . Likewise, it has been suggested that the concentration of a tastant is signaled by the firing rate of taste-responsive cells (Ganchrow and Erickson 1970; Scott and Perrotto 1980) , resulting in an increase of the amplitude of the evoked potential at the scalp. However, previous attempts to investigate the effects of taste intensity yielded inconsistent findings in that shorter latencies and higher amplitudes were observed when the concentration of acetic acid was increased (Hummel et al. 2010) , while increases in salt concentration led to augmented amplitudes only (Saito et al. 1998; Kobayakawa et al. 2008) .
Understanding when and where stimulus intensity is encoded in the brain has led researchers closer to identifying the primary sensory area. To date, two opposing opinions exist about the location of the primary gustatory area; evidence from functional imaging studies has led to the assumption that the transition of the insula and frontal operculum is the primary taste area (Small et al. 1999; O'Doherty et al. 2001) . Evidence from MEG studies, in contrast, suggests that the transition between the parietal operculum and insula hosts the primary taste area because this area responded to taste with the shortest latencies (Kobayakawa et al. 1996a and the observation that the frontal operculum, among other cortical areas, was activated only a few hundred milliseconds after initial activation in the parietal operculum/insula (Kobayakawa et al. 1999) .
However, only the anterior and mid-insula and the overlying frontal operculum have been shown to receive taste afferents from the thalamus in the macaque, while there is no evidence for a taste projection from the thalamus to the parietal operculum (Pritchard et al. 1986 ). In line with this anatomical evidence, a recent EEG study found pronounced activations of the bilateral anterior insula and adjacent frontal operculum as early as 70-160 ms (Ohla et al. 2010) . Similarly, it has been suggested that the posterior insula/parietal operculum are involved in oral somatosensation and attention to the mouth rather than gustation (Veldhuizen et al. 2007 ).
Gustatory Event-Related Responses-Why Don't We Know More?
Progress in our knowledge of early gustatory neural processing has been hampered by several interconnected complications. First and foremost among these is the stimulus control problem. Difficulties range from the requirement of temporally precise stimulus delivery, i.e., a known time and limited variation of stimulus delivery onset to the taste bud fields, to the multimodal nature of liquid stimulation, i.e., concomitant somatosensory stimulation. Besides the technical drawbacks of taste stimulation, other problems exist which obstruct the reliability, comparability, and interpretability of the findings.
The Problem of Stimulus Control
One major constraint for most previous EEG/MEG studies derives from difficulties in controlling the delivery of the taste stimuli to the mouth. Liquid taste solutions are commonly used to elicit a taste percept. However, the exact timing of when a flowing liquid reaches taste bud fields is difficult to determine and to control. Unfortunately, temporal stimulus control is essential for measuring ERP. The timing of the stimulus onset must be temporally precise at a millisecond level in order to provide a good summation of the evoked potential over trials. Besides a very precise onset with limited variation, the stimulus must have a squareshaped stimulus characteristic as much as possible, with short or steep rise and fall times. To elicit reliable and strong taste ERP responses, the stimuli need to be of a rather strong percept. Unfortunately, to produce this strong percept, high concentrations of the tastant are needed. This leads us to the next problem; the need of a taste-free sensation between each stimulus presentation. Whereas it is comparably easy to produce a neutral sensation between stimuli for visual and auditory ERPs, the high concentrations needed to produce strong taste ERPs makes lingering taste difficult to flush away with a tasteless rinse. Similarly, as we will discuss below, these high concentrations also make sensory and neural habituation a nontrivial problem that can only be solved by a lengthy interstimulus interval (ISI) resulting in long, strenuous testing sessions.
Ideally, pure and unimodal taste stimuli should be delivered. Unfortunately, this is not a trivial task, given the inherent multisensory nature of liquid taste stimulation. Taste stimuli delivered to the surface of the tongue often produce not only a gustatory sensation, but also elicit a touch-or temperature-related percept. At the scalp, these latter sensations may result in a somatosensory EEG response superimposed on top of the gustatory response. The contributions of these modalities may be parceled out, but only if the individual unimodal responses are known. For example, the tactile response can be recorded when water or artificial saliva is presented in an identical manner as the taste stimuli and the resulting waveform can then be subtracted from the combined somatosensory-gustatory ERP, resulting in an estimate of a relatively pure gustatory response. Alternatively, somatosensory responses could be controlled for with a constant somatosensory stimulation that some methods allow. These constant stimuli desensitize/habituate the somatosensory sensory system while, in theory, leaving the gustatory system unaffected (Kobayakawa et al. 1996b; Singh et al. 2011) . Various taste stimulation methods have been developed in recent decades (Table 2) , each of Kawamura (1968, 1971) d Murayama et al. (1996) e Hummel et al. (2010) and Kobal (1985) f Wada (2005) g Kobayakawa et al. (1996a, b) h Singh et al. (2011) which meets the aforementioned requirements to a greater or lesser extent. The first attempts to measure gERP were made more than 40 years ago using a hinged spoon which delivered a relatively large amount of taste solution upon tilting Kawamura 1968, 1971) . The authors observed two major ERP components at a temporal electrode, an early one at approximately 150 ms, the tactile response to the liquid touching the tongue's surface, and a later slow wave peaking in between 500 and 1,500 ms, interpreted as a gustatory perceptual response. However, the later potential might instead be related to higher brain functions such as gustatory recognition. At about the same time, Plattig (1969) used electrogustometry (EGM), i.e., electrical pulses applied to lingual taste bud fields to elicit a unique perception, also referred to as electric taste. This approach allows for good temporal stimulus control and results in nearrectangular stimuli with a steep rise and fall. However, electric taste, when presented at high current densities, activates not only gustatory, but also lingual somatosensory fibers. Moreover, its ecological value has been challenged because it constitutes a unique taste experience, which is difficult to compare to other tastes (Ellegard et al. 2007 ). More than a decade later, Kobal (1985) modified a constant flow olfactometer to generate fast-rising, nontactile gaseous taste stimuli suited to elicit an ERP with a slow, positive component between 300 and 500 ms over the vertex, in response to different concentrations of acetic acid. Despite the indisputable advantage in the control of stimulus timing, this method has not become established (for an exception, see Hummel et al. 2010) . Other taste delivery setups without constant flow, such as open-flow devices (Plattig et al. 1988; Murayama et al. 1996; Franken et al. 2011 ) and sponge applicators (Min and Sakamoto 1998; Wada 2005) , are prone to eliciting a concomitant somatosensory response.
The gustatory delivery system most often reported in the literature is a tactile-free delivery system for flowing tastes with an excellent rise time of below 20 ms, developed by Kobayakawa et al. (1996a Kobayakawa et al. ( , b, 1999 Kobayakawa et al. ( , 2005 . In this system, the taste stimuli are embedded in a constant flow of tasteless solution where prevention of mixing between taste and rinse is accomplished by insertion of an air bubble in between the two liquids. The authors have repeatedly demonstrated that their gustometer is suitable to elicit unimodal, gustatory ERF (Kobayakawa et al. 1996a (Kobayakawa et al. , b, 1999 Onoda et al. 2005) . For the first time, their findings have provided temporally precise information regarding activation within the insula cortex for different taste sensations. Only recently, a tactile-free gustometer (GU002, Burghart, Wedel, Germany) became commercially available. This gustometer mimics constant "flow" through a continuous stream of pressure-driven spray pulses to the protruded tongue in which the taste is embedded (Singh et al. 2011 ). This approach aims to habituate the lingual somatosensory system in order to offer a unimodal, gustatory stimulation. Figure 2 summarizes the results from three studies (Mizoguchi et al. 2002; Ohla et al. 2009; Hummel et al. 2010 ) using different tactile-free stimulation approaches. It should be noted, however, that the advantages of the flow technique may at the same time reduce the method's ecological validity. While it is desirable to investigate taste perception separate from somatosensation, these two senses are necessarily intertwined for natural situations outside the laboratory. In this regard, the flow method is unfortunately similar to most stimulation techniques in other senses, which use highly controlled but somewhat artificial stimuli.
Despite these methodological developments, most stimulation methods are not yet well-suited for clinical assessments of gustatory function using EEG, a method which constitutes an affordable and portable neuroimaging technique available in most clinical institutes. Instead, EGM has been widely used for clinical testing of taste nerve function (Stillman et al. 2003) . Despite a lack of detailed understanding of the underlying mechanisms through which these sensations are mediated and the difficulty in excluding secondary trigeminal nerve innervations, EGM has been shown to be a reliable and valid tool for the assessment of taste sensitivity (Fons and Osterhammel 1966; Ajdukovic 1984; Fitzsimons et al. 1999; Stillman et al. 2003; Loucks and Doty 2004; Lawless et al. 2005) . Conversely, it was recently demonstrated that electric taste activates the cortical taste pathway rather than somatosensory cortical areas using fMRI (Barry et al. 2001 ) and EEG (Ohla et al. 2009 (Ohla et al. , 2010 . As a result, EGM remains to this day the only clinical tool that is widely used to test central processing of gustatory sensations.
Limited Reliability, Comparability, and Interpretability Repeated stimulation is needed to average event-related brain responses. However, the gustatory sensory system is much more prone to habituation than the visual and auditory senses. Hence, experiments aiming to record gERP need long ISIs, often in the time range of 20 to 60 s. This time-consuming necessity has forced most previous studies to use a relatively small number of stimulus repetitions in order to keep the duration of the experiment within a reasonable time range. Forcing participants to undergo very long recording sessions would be taxing on their attention and task performance as well as produce limited benefits with respect to experimental power due to subject fatigue. Moreover, small sample sizes (less than ten participants) are common in taste studies, probably also due to the time-consuming nature of the experiments. This inevitably results in a poor SNR, a measure of signal strength relative to the background noise. A high SNR is highly desirable, as it is a requirement for reliable and replicable findings. In order to assess whether or not an ERP is present, it should be statistically differentiated from the level of activity that is present in the baseline interval, i.e., the period prior to stimulus presentation not containing an ERP. In order to allow other researchers to make an informed assessment of the SNR of the presented findings, the ERP, averaged across participants, should be displayed at several electrodes for the time interval of the stimulation, including the prestimulus baseline period.
The use of brief transient stimuli can exacerbate analyses of the waveform due to the overlap of ON and OFF evoked responses, which affects the quantification and interpretability of ERP components. Consequently, stimuli presentation lengths in visual and auditory ERP experiments are often longer than the largest latency of any component analyzed A C B Fig. 2 Event-related responses to electric taste, acetic acid, and salt solution exhibit a relatively similar ERP morphology. Note that the time scales have been approximately matched. Stimulus onset is at 0 ms. a ERPs to electric taste, from 64 electrodes, exhibit a frontal P130, a frontocentral N220, and a late centroposterior positivity (P390). Reproduced from Ohla et al. (2009) with kind permission from Springer Science + Business Media. b The ERP to acetic acid, from electrode Cz, shows four distinct components: P1 at 200 ms, N1 at 350 ms, P2 at 450 ms, and a late positive component. Note that women exhibited shorter latencies and larger amplitudes. Reproduced from Hummel et al. (2010) with permission from BMJ Publishing Group Ltd. c Three major components, at 104 ms (ECD1), at 292 ms (ECD2), and at 392 ms (ECD3), were observed from simultaneously recorded EEG (upper panel) and MEG (lower panel) in a single participant. Dipole modeling revealed the temporal dynamics of the cortical activations, which started in the bilateral insula/ operculum (ECD1), spread to the central sulcus and temporal cortex (ECD2), and returned to the bilateral insula (ECD3) within 400 ms. Reproduced from Mizoguchi et al. (2002) by permission of Oxford University Press in order to avoid superposition of components (Busch et al. 2004; Ohla et al. 2009 ). In comparison, olfactory ERPs have often been recorded using comparably very short stimulus durations, with the majority of publications using 250-to 350-ms-long stimuli (Morgan et al. 1999; Lundström et al. 2006) . This deviance from the established norm in recordings of visual and auditory ERPs has been explained in the literature by the apparent lack of a pronounced offset ERP for olfactory stimuli, possibly a function of the hypothesized lack of a prominent thalamic neural projection. Whether gERPs also lack an offset ERP response is not known. However, the gustatory neural pathway bears more similarity to the visual and auditory pathways than the olfactory pathway in its early wiring. These anatomical similarities make offset gERPs likely and, if possible, they should be avoided by using longer stimulus duration than what is commonly used for the other chemical senses.
A gustometer is an apparatus that transports liquid tastes to taste bud fields, e.g., the tongue's surface, after receiving a trigger pulse from the stimulus computer. These mechanical devices experience a time lag between the trigger signal, which, in most cases, operates a valve to release a liquid, and the actual delivery of the liquid to the tongue and a time lag that is dependent not only on numerous parameters, like the length of the tubing, but also on the flow rate and viscosity of the solutions, to mention a few variables. Since the same trigger signal also marks the stimulus onset in the EEG/MEG recordings, through averaging over the trials, the time lag artificially delays the onset of the ERP/ERF by the corresponding value, leading to a misrepresentation of the timing of the event-related waveform and its components. Consequently, the delay between the trigger and the actual stimulus delivery must be determined in order to allow for an exact interpretation of the temporal aspect of the ERP/ ERF components which provides a window into the temporal processing of taste. The delay can be determined, for example, by means of conductivity measurements, as proposed by Kelling and Halpern (1986) . Given that a high temporal resolution constitutes an ostensible advantage of ERP/ERF, it is surprising that the time of stimulation has not been assessed in most previous studies (for an excellent exception, see Yamamoto et al. 2006) .
Finally, the interpretability of many previous findings is compromised by the limited number of recording electrodes, which hinders conclusions about the signal distribution over the scalp and precludes estimation of the cortical origin of the waveforms. Previously, gERPs have commonly been obtained from a single electrode placed over the vertex (Plattig et al. 1988; Fitzsimons et al. 1999; Wada 2005) , although other studies have used slightly more electrodes (Kobal 1985; Min and Sakamoto 1998; Mizoguchi et al. 2002; Hummel et al. 2010; Singh et al. 2011) . Nevertheless, the optimal location to record a gERP in its entirety has yet to be determined. In contrast, previous MEG studies have, due to multichannel recordings, convincingly demonstrated that the first component of gustatory processing is generated in the junction of the insula/parietal operculum at roughly 70-170 ms (Kobayakawa et al. 1996a (Kobayakawa et al. , b, 1999 Onoda et al. 2005; Yamamoto et al. 2006 ).
Gustatory Event-Related Responses-The Next Steps
The considerable technical difficulties associated with controlling flowing stimuli are the main reason for our limited understanding of the temporal dynamics of the cerebral processing of gustatory perception. Future studies should aim to identify the spatiotemporal cortical response pattern to taste. To gain an understanding of the morphometry of the gustatory ERP/ERF, additional observations from independent laboratories using different techniques are needed. Specifically, adherence to standards established for reporting ERP research will improve the comparability between studies (Picton et al. 2000) .
The ERP-the average over trials time-locked to an experimental event-continues to be the standard method for EEG analysis in studies investigating human perception and cognition. The classical ERP method has, however, been complemented by an ever-growing number of relatively more advanced analysis techniques These techniques take advantage of the monumental increase in computer processing power currently available at affordable prices, as well as new advances in statistical computation. Several techniques are now exploiting the spatial structure of EEG signals recorded with high-density electrode montages. For example, topographic analyses use an advanced statistical framework for mining and integrating temporal as well as spatial information in complex EEG data sets (cf. Murray et al. 2008) . Among others, independent component analysis aims at reconstructing physiologically and functionally distinct sources underlying the scalp-recorded EEG signal from the spatiotemporal activity patterns of the raw (unaveraged) EEG signal (Makeig et al. 2004) .
Numerous algorithms for source localization, also known as electrical neuroimaging, of EEG signals have been put forward (cf. Michel et al. 2004 ). The spatial resolution of EEG measures will probably never compete with fMRI due to the problem of factoring out variance in tissue conductivity (the so-called inverse problem; for an indepth explanation, see Nunez and Srinivasan 2006) , and all methods for electrocortical source localization must make simplifying a priori assumptions about the nature of the EEG signal. Nevertheless, source analysis is widely regarded as an important complement to conventional, scalp-based EEG analyses. MEG, which is more sensitive to superficial cortical activity and less prone to distortion from the skull, provides an improved spatial resolution in comparison to EEG. However, MEG detects only tangential sources, i.e., in the sulci, while EEG is sensitive to both tangential and radial components of a current source, i.e., the neural signal both in the sulci and on top of the gyri. In other words, EEG is more sensitive to activity in a greater area of the brain, whereas activity that is visible in MEG can be localized with greater accuracy. In fact, source localization for gustatory ERF has provided valuable insights into the earliest gustatory activation of the cortex, which has been localized to the posterior portion of the bilateral insular cortices and the adjacent posterior opercula (Kobayakawa et al. 1996a Onoda et al. 2005; Yamamoto et al. 2006) . In fact, a first attempt of reconstructing the cortical origin of gERP over time has been made recently (Ohla et al. 2010 ). Applied to taste solutions of common taste qualities, the methods offer a promising tool that can be used to gain insight into the spatiotemporal dynamics of cortical taste processing.
In the temporal domain, time-frequency analysis has become an increasingly popular tool for separating the broadband EEG signal into spectral components or frequency bands (Tallon-Baudry and Bertrand 1999; Makeig et al. 2004; Herrmann et al. 2005) . Among the many advantages of time-frequency analysis, when applied to the single-trial data, is an increased sensitivity for responses with temporal trial-to-trial jitter compared to the conventional ERP. Recently, studies have begun to abandon averaging across trials altogether and instead analyze the information on a single-trial level (Makeig et al. 2004; Rousselet and Pernet 2011) . However, these single-trial analyses have so far only been attempted on data gathered for nonchemical stimuli and it is questionable if single-trial analyses would be feasible for gustatory recordings, given the significantly weaker signal that gustatory sensations produce. Significant advances in both recording and stimulation techniques must emerge before single-trial analyses would be feasible for gustatory EEG signals.
In conclusion, a current trend in the field of EEG/MEG research is the move towards more complex paradigms and more complex methods of data analyses (Rousselet and Pernet 2011) . Fortunately, a great number of advanced analysis methods are freely available to the research community as software packages or toolboxes (cf. Baillet et al. 2011) . Of course, advanced methods require advanced data sets featuring a greater number of electrodes and/or trials and superior signal quality. On the other hand, cognitive neuroscientists now have at their disposal an arsenal of techniques that provides them with an unprecedented flexibility for choosing the one analysis that suits best for answering a particular experimental question. In order for these methods to be applied to gustatory research, the first and foremost requirement remains the establishment of a precise stimulus delivery apparatus and, by doing so, solving the problem of stimulus control and timing.
Conclusion
Taken together, the existing evidence from gustatory ERP and ERF suggests that the human cortex responds to taste much earlier than initially proposed (Funakoshi and Kawamura 1971; Kobal 1985; Plattig et al. 1988) , namely, within less than 100 ms after application of a taste. Due to recent methodological advances, i.e., multichannel recordings and electrocortical source localization algorithms, we have begun to understand the spatiotemporal dynamics of brain activation to taste. Nevertheless, the underlying mechanisms and cortical origins of gERP components remain vague. Future studies need to further elucidate these activation patterns and investigate their susceptibility to taste intensity and different taste qualities. Furthermore, research is needed to assess gender-related differences and hemispheric dominance. Most importantly, we need to further our understanding of the role of cognition, in particular memory and learning, as well as the physiological status, such as hunger, satiety, or body weight, on taste perception and taste evaluation.
